Functional axon regeneration requires regenerating neurons to restore appropriate synaptic 13 connectivity and circuit function. To model this process, we developed a single-neuron assay in C. 14 elegans that links axon regeneration and synapse reformation with recovery of relevant behavior. After 15 axon injury to the DA9 neuron, regeneration restores synapses to their pre-injury location. Surprisingly, 16 presynapses also accumulate in the dendrite. Both axonal and dendritic synapses are functional. 17 Dendritic synapses result in information misrouting that suppresses behavioral recovery. Formation of 18 dendritic synapses is specifically dependent on dynein-mediated transport and jnk-1. However, even 19 when information transfer is corrected, axonal synapses fail to adequately transmit information. Our 20 study reveals unexpected plasticity during functional regeneration. Regeneration of the axon is not 21 sufficient for the reformation of correct neuronal circuits after injury. Rather, synapse reformation and 22 function are also key variables, and manipulation of circuit reformation improves behavioral recovery. 23 24 25
Introduction
however, dendritic SVs became apparent at as early as 6 hours after axotomy ( Figure 2H ). The number of puncta reached a maximum at 12 hours (mean=17.3) and decreased only slightly thereafter. Importantly, the appearance of ectopic SVs in the dendrite is not caused by the ric-7 background, 143 because control animals also accumulate a similar number of ectopic puncta in response to axotomy 144 ( Figure 2H , ric-7 cut 12hr vs control cut 12hr, mean=17.3 and 16.6). These data show that axonal injury 145 triggers ectopic accumulation of SVs in the dendrite, identifying an unexpected form of plasticity during 146 recovery from nerve injury. 147 148 Aberrant functional recovery of a single neuron-driven behavior 149 To determine the effects on function of these morphological changes in DA9 after axotomy, we sought 150 to establish a behavioral assay entirely dependent on DA9 synaptic output. We expressed Chrimson, a 151 red-shifted channelrhodopsin, in DA9 using the DA9-specific itr-1 pB promoter and activated it with 152 green light (Klapoetke et al., 2014; Schild and Glauser, 2015) . The anatomy of DA9 predicts that it will 153 activate the posterior dorsal BMWs and inhibit the posterior ventral BMWs, causing the tail to bend 154 dorsally ( Figure 3A ). Indeed, when 5 seconds of light stimulation was applied, freely-behaving 155 Chrimson-expressing animals displayed strong dorsal tail bending ( Figure 3B ). We quantified this 156 behavior by measuring the tail angle using the WormLab software package. Animals that expressed 157 Chrimson and were cultured with all-trans-retinal (ATR) showed an average of 80 degrees of dorsal 158 bending, time-locked to the light stimulus ( Figure 3C ). Dorsal bending in response to light was observed 159 in every animal (N=42). After the stimulus ended, the tail gradually returned to its normal position. 160 Animals that did not express Chrimson, or that were not given ATR, showed no response to light 161 stimulation ( Figure 3 supplement 1A, 1B and 1D ). In addition, the behavior of Chrimson-expressing 162 animals cultured with ATR was abolished 12 hours after DA9 cell body was ablated by laser ( Figure 3 163 supplement 1C and 1D). Thus, this assay allows the precise analysis of the ability of a single neuron to 164 drive behavior, and (in intact animals) has very low levels of inter-animal variability. 165 We then examined the ability of DA9 to mediate tail bending after acute axon injury. 5 minutes after 166 axotomy of DA9, light activation of DA9 did not cause dorsal bending behavior ( Figure 3D ). These data 167 confirm that the bending behavior is specifically driven by DA9, and indicate that axotomy proximal to 168 the known DA9 synaptic region completely disconnects DA9 from its outputs. Even though the distal 169 fragment containing the synaptic puncta contained Chrimson and was exposed to light (together with 170 the rest of the animal), this was insufficient to trigger tail bending. Thus, Chrimson-mediated neuronal 171 output in DA9 requires connection to the cell body. 172 48 hours after axon injury, when axon and synapse regeneration is complete (Figure 2E , 2G), we found 173 that behavior has partially recovered ( Figure 3G ). At 72 hours, consistent with the lack of further 174 morphological growth after 48 hours, there was no further behavioral recovery ( Figure 3H ). Thus, the 175 maximum behavioral recovery is on average about 1/3 of the control animals ( Figure 3I , cut 72hr vs 176 control, mean=26.3° and 70.5°, p<0.0001, unpaired t test). A major reason for limited recovery on 177 average was that recovered behavior after injury is far more variable than behavior in intact animals: while more than half of injured animals recovered dorsal bending, many did not. The variability in 179 functional recovery is in sharp contrast to the robust morphological axon regeneration and synapse 180 reformation we observed (Figure 2E, 2G ), suggesting that rebuilding a functional circuit requires 181 additional biological factors beyond what can be assessed using morphological analysis of the axon. 182 Nevertheless, most animals did recover behavior, indicating that newly formed SV puncta in the axon 183 are functional regenerated synapses. To confirm that the behavior recovery is indeed a result of 184 synaptic regeneration of DA9 (rather than some other form of plasticity), we recut DA9 in animals that 185 displayed behavioral recovery at 48 hours, and measured the behavior 12 hours later, before a second 186 round of regeneration could occur. Recovered dorsal bending was completely abolished after 187 recutting, indicating that behavioral recovery is due to DA9 regeneration ( Figure 3J, 3K ). Together, 188 these experiments indicate that the single-neuron behavioral assay reveals the functional output of 189 DA9 after axon regeneration. 190 We also analyzed behavior at earlier time points, when SV puncta are at their maximum in the dendrite 191 and axonal regeneration is not yet complete ( Figure 2B ). At 12 hours after axotomy, we found that on 192 average, DA9 activation results in ventral rather than dorsal bending ( Figure 3E, 3I ). Data from 193 individual animals reveal that at 12 hours, more than half of the animals bend their tail ventrally, 194 rather than dorsally. Thus, DA9 activation in these regenerated neurons is causing behavior opposite to 195 uninjured neurons. This aberrant behavior is observed less frequently as regeneration proceeds, but 196 even at 48 and 72 hours after injury some animals still exhibit ventral bending ( Figure 3G Rerouted information transfer in a regenerated circuit 202 Aberrant ventral bending behavior is maximal at the same time that SV puncta in the dendrite are 203 maximal. This observation suggests a cell-biological explanation for aberrant behavior after 204 regeneration: that the ectopic dendritic SVs are capable of releasing neurotransmitters on the ventral 205 side and activating the ventral BWMs, which normally receive input from other neurons in the ventral 206 nerve cord ( Figure 1A ). As more new SV puncta are added to the dorsal axon later, release at the dorsal 207 side eventually predominates ( Figure 3E-3H ). To test this hypothesis and to better understand 208 functional regeneration and circuit plasticity, we combined optogenetic stimulation and Ca 2+ imaging 209 to monitor the activity of postsynaptic BWMs during DA9 regeneration. This approach allowed us to 210 monitor Ca 2+ levels in both dorsal and ventral BWMs simultaneously during activation of DA9. For this 211 analysis, we focused on Ca 2+ level changes during DA9 stimulation. 212 In uncut controls, we found that dorsal BWMs displayed robust increases in Ca 2+ levels during light 213 stimulation of DA9, consistent with DA9 directly activating these muscles ( Figure 4A , 4C). We also 214 observed simultaneous decreases in ventral BWM Ca 2+ levels, presumably mediated by DA9 activation 215 of inhibitory GABAergic VD motor neurons as predicted by the wiring diagram ( Figure 4F, 4J) . These effects on the muscles should trigger dorsal muscle contraction and ventral relaxation, resulting in the 217 dorsal bending we observed in our behavioral analysis. Thus, simultaneous stimulation and calcium 218 imaging allows interrogation of functional connectivity in this simple motor circuit. 219 In sharp contrast to the results in uninjured animals, we found that 12 hours after axotomy, dorsal 220 BWMs showed little Ca 2+ increase in response to light stimulation ( Figure 4B, 4E ). The maximum Ca 2+ 221 amplitude in dorsal BWMs 12 hours after axotomy was about 12% of the control animals ( Figure 4G , 222 mean=0.23 and 1.84 with and without axotomy). Further, DA9 activation 12 hours after axotomy drove 223 strong Ca 2+ increases in ventral BWMs, consistent with the dendritic SV localization and the ventral 224 bending behavior at the 12 hour time point ( Figure 4F , 4H). 48 hours after axotomy, DA9 activation was 225 more effective at driving dorsal BWMs, which displayed Ca 2+ increases about 35% of the controls, 226 confirming that new synapses in the axon are functional ( Figure 4D , 4J, 4K; mean=0.32 and 0.91 with 227 and without axotomy in Figure 4K ). Even at the 48 hour time point, however, the ventral BWMs also 228 displayed Ca 2+ increases, suggesting that the ectopic synapses in the dendrite are still functional at 48 229 hours after axotomy ( Figure 4J , 4L). Together, these data demonstrate that information transfer-the 230 fundamental role of neurons-is rerouted after axon injury and regeneration.
232
Aberrant information transfer is independent of dlk-1 and suppresses behavioral recovery 233 Even when regeneration is complete and axonal synapses have reformed (at 48 and 72 hours), 234 recovery of the ability of DA9 to drive behavior is only partial. We hypothesized that at least part of 235 this deficit is due to aberrant information transfer at these later time points. Specifically, release of SVs 236 from the ectopic synapses in the dendrite would be expected to suppress dorsal bending of the tail, by 237 exciting ventral BWMs and also by exciting DD GABA neurons that would in turn inhibit dorsal BWMs 238 according to the wiring diagram (Schuske et al., 2004) . We tested the ability of dendritic release to 239 drive behavior at these late time points by using mutants in dlk-1, a MAPKKK that is a key regulator of 240 regeneration in C. elegans and other species (Hammarlund et al., 2009; Shin et al., 2012; Xiong et al., 241 2010; Yan et al., 2009) . Consistent with these previous results, we found that DA9 axons completely fail 242 to regenerate in ric-7; dlk-1 animals ( Figure 5A -5C). Despite this lack of axonal response, however, dlk-1 243 mutant animals still mislocalize SV puncta ectopically to the dendrite after axotomy, at similar levels as 244 controls ( Figure 5B, 5D ). Thus, the dlk-1 background enables analysis of the function of the dendritic 245 SVs in the absence of the SVs in the regenerating axon. Loss of dlk-1 had no detectable effect on the 246 morphology ( Figure 5A ) or function of DA9; in the absence of injury, dlk-1 mutant animals showed 247 robust dorsal bending of the tail ( Figure 5 supplement 1A, 1C). However, when DA9 is activated in dlk-1 248 mutant animals 12 or 48 hours after axotomy, almost all animals bend their tail ventrally ( Figure 5E can mediate ventral bending even at 48 hours after axotomy. These data also indicate that 251 mislocalization of SVs to the dendrite in response to injury is independent of dlk-1 function. 252 To test the idea that aberrant dendritic SV release suppresses behavioral recovery after axotomy, we 253 eliminated dendritic release by removing the dendrite after axon regeneration was complete. 48 hours 254 after axotomy, we assessed behavior, severed the dendrite, and assessed behavior again 2 hours later. 255 We found that removing the dendrite increased dorsal bending about twofold ( Figure 5F , 5G). 256 However, even after dendrite removal, DA9-driven behavior still did not reach the level observed in 257 uninjured controls ( Figure 5G , 48hr recovery vs dendrite cut vs control, mean=20. 0, 38.2 and 77.4, 258 paired t test between 48hr recovery and dendrite cut, unpaired t test between dendrite cut and 259 control). Together, these results indicate that even after regeneration is complete, misdirected SV 260 release from the dendrite suppresses behavioral recovery. Further, these data indicate that axonal 261 activity, despite largely normal synaptic morphology ( Figure 2E , 2F), is only able to drive behavior to 262 about 50% of pre-injury levels even when dendritic suppression is removed.
264
Dendritic microtubule polarity is maintained after axotomy 265 We next sought to understand the mechanism of ectopic synapse formation in the dendrite. In some 266 cases, axonal injury to a neuron can cause one of its dendrites to become more axon-like (Dotti and 267 Banker, 1987; Gomis-Ruth et al., 2008; Stone et al., 2010) . This conversion can be accompanied by a Figure 2H ). We found that in uninjured DA9 neurons, MT 277 polarity in the axon was nearly completely plus-end out, while MT polarity in the dendrite was 278 dominated by plus-end in MTs, consistent with previous results (Maniar et al., 2011; Yan et al., 2013) 279 ( Figure 6F) . Surprisingly, however, axon injury did not result in polarity reversal in the axon or dendrite; 280 in fact, in the dendrite after axon injury plus-end in MTs were even more dominant than before injury 281 ( Figure 6F ). 282 Although axotomy did not reverse the polarity of MTs, it did have a significant effect on MT dynamics 283 in both axons and dendrites. In both compartments, we observed an increased number of EBP-2 traces 284 ( Figure 6G ), which has also been observed in C. elegans mechanosensory neurons (Chuang et al., 2014; 285 Ghosh-Roy et al., 2012) and Drosophila sensory neurons (Stone et al., 2010) . Overall, neuronal injury in 286 DA9 results in increased MT dynamics but no change in MT polarity. Thus, dendritic SV mislocalization 287 is not a consequence of MT polarity changes. 288 To further test the idea that axon injury might convert the DA9 dendrite into an axon-like process, we 289 examined the localization of the dendritic nicotinic acetylcholine receptor (nAChR) subunit acr-2 290 (Squire et al., 1995) . We found that in uninjured DA9 neurons, ACR-2::GFP is highly enriched in the 291 dendrite and soma and is absent from the axon ( Figure 6 supplement 1A), as previously described (Barbagallo et al., 2010; Qi et al., 2013; Yan et al., 2013) . 12 hours after injury, when ectopic SVs are 293 highly enriched in the dendrite ( Figure 2H ), localization of ACR-2::GFP was not different from uninjured 294 neurons ( Figure 6 supplement 1B). Together, these results indicate that axon injury does not globally 295 push the DA9 dendrite toward becoming axon-like, and suggest that more specific cellular mechanisms 296 must mediate ectopic SV localization.
298
Dynein-mediated transport is required for SV mislocalization to the dendrite after injury. 299 Previous studies have shown that UNC-104/KIF1A is the primary motor responsible for transporting 300 SVs towards the MT plus-end (Hall and Hedgecock, 1991; Okada et al., 1995; Pack-Chung et al., 2007) , 301 while the cytoplasmic dynein complex is involved in MT minus-end directed transport in neurons 302 (Goldstein and Yang, 2000; Koushika et al., 2004) . Since MT polarity is maintained after axotomy, so 303 that dendritic MTs are primarily plus-ends in, we reasoned that ectopic synapse formation in the 304 dendrite may be mediated by the minus-end-directed dynein motor complex. To test this, we 305 examined SV puncta in the dendrite in dhc-1(js319) mutant animals (Koushika et al., 2004) . These 306 mutants had largely normal SV distribution in DA9 prior to injury ( Figure 7 supplement 1A, 1B). 307 However, after injury we found that the dhc-1(js319) mutation completely suppresses the dendritic 308 accumulation of SVs at 48 hours after axotomy ( Figure 7B , 7E). Partial suppression was obtained in 309 animals mutant for another component of the dynein complex, nud-2(ok949), which is the worm 310 ortholog of Nudel ( Figure 7C, 7E ). Together these data indicate that dynein mediated transport is 311 required for SV mislocalization in the dendrite in response to axotomy. 312 313 JNK-1 modulates retrograde transport of SVs in response to axotomy 314 Since ectopic SV localization to the dendrite is triggered by axon injury, we next sought to find 315 upstream mechanisms that link axonal injury to changes in SV localization. The best-characterized 316 injury-sensing pathway in C. elegans is the DLK-1 MAP kinase pathway (Ghosh-Roy et al., 2010; 317 Hammarlund et al., 2009; Nix et al., 2011; Yan and Jin, 2012; Yan et al., 2009 ), but SV localization to the 318 dendrite after injury is independent of dlk-1 ( Figure 5B, 5D ). We hypothesized that the JNK3 homolog 319 jnk-1 might play a role for two reasons (Kawasaki et al., 1999) . First, jnk-1 has been shown to be 320 involved in the axon injury response in Caenorhabditis elegans GABA neurons. Loss of jnk-1 results in 321 improved morphological regeneration, while jnk-1 overexpression inhibits morphological regeneration 322 (Nix et al., 2014) . Second, although jnk-1 is not normally required for transport or localization of 323 synaptic proteins in DA9, loss of jnk-1 largely suppresses the synaptic phenotypes of arl-8 mutants, 324 suggesting that in some contexts jnk-1 can regulate SV localization (Wu et al., 2013) . We therefore 325 examined whether jnk-1 is involved in ectopic dendritic synapse formation in DA9 after axotomy. In 326 uninjured neurons, SV distribution was largely unaffected by loss of jnk-1, with SV puncta confined to a 327 specific region of the axon, and essentially absent from the dendrite (Figure 7 supplement 1C, 1E), 328 consistent with previous results (Wu et al., 2013) . By contrast, after axon injury jnk-1 mutant animals 329 showed very few SV puncta in the dendrite 48 hours (Figure 7D , 7E) and 12 hours after axotomy ( Figure 7 supplement 1F, 1G). Thus, ectopic SV localization to the dendrite after axon injury requires 331 the JNK3 homolog jnk-1. 332 Next, we investigated whether loss of jnk-1 might alter SV localization by affecting dynein-dependent 333 trafficking, as suggested by the similar phenotypes of the separate mutants ( Figure 7B -7E). We 334 analyzed the effect on SV localization in uninjured neurons, focusing on the distal tip of the DA9 axon. 335 In control animals, SV accumulation was rarely seen at the axon tip ( Figure 7F ), indicating balanced 336 anterograde and retrograde transport. However, in nud-2, dhc-1, and jnk-1 mutant animals, especially 337 the latter two, bright SV puncta were observed at the tip of almost every DA9 axon ( Figure 7G-7J ). 338 These data suggest that even in uninjured neurons, jnk-1 affects dynein-mediated traffic of synaptic 339 vesicles. Thus, in injured neurons, jnk-1 may function to promote dynein-driven SV movement into the 340 dendrite, resulting in ectopic synapse formation. 341 342 JNK-1 suppresses behavioral recovery after nerve injury 343 jnk-1 mutant animals do not form ectopic synapses in the dendrite after injury. Since these ectopic 344 synapses inhibit behavioral recovery after nerve injury, we tested the idea that jnk-1 mutant animals 345 might have improved behavioral recovery. Without axon injury, jnk-1 mutants showed robust dorsal 346 bending in response to light stimulation, although the degree of dorsal bending was smaller compared 347 to controls ( Figure 7K , 7L, jnk-1; ric-7 uncut vs ric-7 uncut, mean=59.7° and 70.1°, p=0.0003, unpaired t 348 test). By contrast, 48 hours after axotomy, the jnk-1 mutants showed improved dorsal bending This study establishes a new system for the study of axon regeneration in the DA9 neuron of C. 356 elegans. We find that severing DA9 close to the dorsal nerve cord allows regeneration across the 357 former synaptic area to occur in essentially all animals studied. Further, by using the ric-7 genetic 358 background to promote removal of the distal axon fragment, regenerative growth in DA9 occurs 359 without confounding issues of axonal fusion or other potential effects of the remaining fragment. 360 Previous studies in C. elegans have shown that the regenerating mechanosensory PLM neuron can 361 reconnect to its distal axon segment after axotomy. This fusion event essentially restores the neuron 362 back to its pre-injury state, without the need to rebuild synapses, and restores the full function of the 363 circuit as measured by a light touch assay (Abay et al., 2017; Neumann et al., 2011) . In this work, by 364 using the ric-7 background to promote distal segment removal, functional recovery can occur only if 365 new, functional synapses are rebuilt onto relevant targets. In combination, our approach in DA9 in the 366 ric-7 background allows for the first time detailed morphological analysis of synapse reformation in a 367 single neuron during axon regeneration. Further, by applying the modern neuroscience tools of 368 calcium imaging and optogenetics to DA9 and its target muscles, it is possible to analyze the function of 369 this single neuron in its endogenous circuit and also with respect to its ability to drive behavior. We 370 expect these approaches to be useful for studies relating synapse formation to circuit function and 371 behavior, both in the context of axon regeneration and also in uninjured neurons. 372 A potential concern is that loss of ric-7 may cause phenotypes that interact with the question under 373 study. ric-7 encodes a protein of approximately 700 residues, with no clear vertebrate orthologs or 374 functional domains. ric-7 was first identified in a screen for genes involved in neuropeptide secretion. 375 In ric-7 mutants, neuropeptide secretion is reduced while acetylcholine release and response are 376 unaltered (Hao et al., 2012) . ric-7 mutants were also found to have greatly enhanced degeneration of 377 axon segments after axotomy, and this phenotype was found to be due to reduced localization of 378 mitochondria to axons (Rawson et al., 2014) . Interestingly, although mitochondria function is 379 important for regeneration in C. elegans GABA neurons and in mammalian models (Cartoni et al., 2016; 380 Han et al., 2016; Zhou et al., 2016) , we found that ric-7 animals have improved axon regeneration 381 ( Figure 1 supplement 1E-1H ). Thus, in DA9 the loss of ric-7 increases degeneration without negatively 382 impacting regeneration. Further, we find that synaptic vesicle localization to the dendrite in response 383 to injury is not dependent on ric-7, as it occurs at the same level in animals that are wild type and 384 mutant at this locus ( Figure 2H ). Although the use of ric-7 demands caution, our data indicate that it is 385 a useful and effective tool for studying axon regeneration in DA9.
386
Aberrant information rerouting limits behavior recovery after regeneration 387 We show that DA9 axons do regenerate and form functional synapses in the correct location after 388 axotomy. However, we find that synapses also form ectopically in the dendrite, resulting in aberrant 389 information routing and limiting behavioral recovery. Although ectopic synapse formation is 390 reminiscent of the transformation of a dendrite to an axon after axon removal (Cho and So, 1992; Dotti and Banker, 1987; Fenrich et al., 2007; Gomis-Ruth et al., 2008; Hall et al., 1989; Hoang et al., 2005; 392 Stone et al., 2010), we find that it is a fundamentally different process. First, dendrite-axon 393 transformation requires axon removal, while in our experiments the axon is severed distant from the 394 cell body, regenerates, and reforms functional synapses. Second, dendrite-axon transformation is 395 accompanied by a rearrangement of MT polarity from dendritic orientation to axonal orientation 396 (Stone et al., 2010; Takahashi et al., 2007) . In the case of DA9, however, dendritic microtubule polarity 397 as well as nAChR localization is maintained after axotomy ( Figure 6F , Figure 6 supplement 1). Thus, our 398 results define a novel cell-biological response to nerve injury. 399 The ability of dendritic synapses in DA9 to transfer information and cause specific behavioral defects 400 likely depends on the circuit context within which DA9 is embedded. The dendrite of DA9 is in the 401 ventral nerve cord, where it receives inputs from the AVA and AVD command neurons (Hall and 402 Russell, 1991; White et al., 1986) . What post-synaptic cells might respond to acetylcholine release from 403 the DA9 dendrite to trigger ventral bending? The VNC contains a variety of ACh receptor fields. In 404 particular, ventral muscles make synapses with ventral motor neurons in the VNC, such as VA and VB 405 cells (White et al., 1986) . Thus, the DA9 dendrite and ventral muscle receptor fields are both localized 406 in the VNC. Our calcium imaging data indicate that DA9 activation can trigger ventral muscles ( Figure   407 4B, 4D), consistent with the idea that these muscles might respond directly to ACh release from DA9. 408 However, it is also possible that information transfer from DA9 to ventral muscles is not monosynaptic. 409 VNC motor neurons like VA and VB also have cholinergic receptor fields in the VNC, and could transfer 410 excitatory signals from the DA9 dendrite to muscle. Thus, the particular anatomy of the C. elegans VNC 411 helps determine the effect of dendritic release from DA9. 412 Synapses are highly organized junctions between pre-and post-synaptic cells, with vesicle release sites 413 in tight apposition to post-synaptic receptors. In both DA9 axon and dendrite, postsynaptic cells may 414 respond to synapse formation after DA9 injury. A key question for future study is to identify the direct 415 synaptic targets of DA9 activity in axon and dendrite, and examine post-synaptic organization in these 416 cells after injury. We found that the location of synapses after regeneration of the DA9 axon was 417 largely similar to their initial location ( Figure 2F ). This result is reminiscent of key findings at the frog 418 neuromuscular junction, in which denervation and reinnervation of muscle resulted in synapse 419 formation at the original locations (Letinsky et al., 1976; Marshall et al., 1977; Rotshenker and 420 McMahan, 1976) . Thus, at least for DA9 axonal synapse regeneration, an attractive hypothesis is that 421 agrin or other components of the extracellular matrix direct the location of synapses during 422 regeneration, ensuring that they are correctly apposed to their post-synaptic partners.
423
The role of JNK-1 in ectopic synapse formation 424 JNK, or c-Jun N-terminal kinase, is a MAP kinase that has been implicated in a variety of cellular 425 processes such as immunity, stress response, tumor development and apoptosis (Davis, 2000) . In both 426 Drosophila and mouse, JNK signaling is required for efficient axon regeneration (Ayaz et al., 2008; 427 Raivich et al., 2004) . C. elegans has multiple JNK orthologs, including kgb-1 and jnk-1. As in Drosophila 428 and mouse, kgb-1 is required for axon regeneration (Nix et al., 2011) . By contrast, jnk-1 suppresses axon regeneration, suggesting that different JNK pathways play different roles during regeneration (Nix   430   et al., 2014) . 431 Here we found that JNK-1 is required for ectopic synapse formation in the dendrite after axotomy 432 ( Figure 7D ). Mutants in the dynein complex also rescued ectopic synapse formation ( Figure 7B ). In 433 uninjured neurons, jnk-1 mutants and dynein mutants both showed synaptic vesicle accumulation at 434 the axon tip ( Figure 7G-7J) . These results suggest that JNK-1 functions to promote dynein-mediated SV 435 transport. Thus, we propose that injury-activated JNK-1 affects the balance between anterograde and 2013). This is also consistent with reduced dynein-mediated trafficking in the absence of JNK-1, which 442 facilitates accumulation of SVs into the more distally localized synaptic region. 443 JNK-1 could regulate the dynein mediated transport of SVs in multiple ways. For example, activated 444 JNK-1 could potentially phosphorylate cytoskeletal-interacting proteins, which could in turn influence 445 motor processivity and vesicle transport (Brownlees et al., 2000; Chang et al., 2003; Otto et al., 2000; 446 Reynolds et al., 2000) . In addition, JNK interacting proteins (JIP) could also regulate cargo-motor or 447 motor-motor interactions. Specifically, UNC-16/JIP-3 has been shown to act as a JNK-1 scaffolding 448 protein and interact with both kinesin-1 and components of the dynein complex such as p150 glued and 449 dynein light intermediate chain (Arimoto et al., 2011; Bowman et al., 2000; Cavalli et al., 2005) . UNC-450 16/JIP-3 has also been implicated as an adaptor for dynein-mediated retrograde transport of activated 451 JNK, which is important for transmission of damaging signals (Cavalli et al., 2005) . It is possible that 452 UNC-16 may regulate the activity of motors by bringing JNK-1 in close proximity to them after axonal 453 injury. Some of these effects could also account for jnk-1's effect on axon regeneration. Thus, loss of 454 jnk-1 could prevent ectopic synapse formation and also increase axon regeneration by affecting 455 dynein-mediated transport.
456
New synapses in the regenerating axon are not as efficient as intact ones 457 In our single-neuron system, although the regenerated synapses in the axon are able to drive some 458 behavioral recovery, the level of dorsal tail bending is significantly lower than in intact controls. Even 459 after removing the dendrite, which inhibits dorsal bending, full behavioral recovery is still not achieved. 460 Since the number of regenerated synapses is similar to intact controls, individual regenerated synapses 461 are likely less efficient than synapses in the intact neuron. Multiple effects could underlie this deficit, 462 including defects in DA9 itself, defects in the post-synaptic muscle, imprecise alignment of the two 463 cells, or a combination of these factors. Detailed morphological and molecular characterization of 464 regenerated synapses is needed to understand the difference between them and intact synapses. Our 465 study highlights the difficulty in restoring normal circuit function after nerve injury, and provides 466 insight into specific cellular choke points that need to be resolved to achieve complete recovery. (E) Number of axonal RAB-3 puncta at different timepoints with or without axotomy. Mean + SEM. *p<0.05; **p<0.01; ****p<0.0001; ns, not significant. Unpaired t test for comparisons between two groups and one-way ANOVA for more than two groups. (F) Length of the asynaptic and the synaptic region in intact and axotomized animals 48hr post-axotomy. Mean + SEM. ****p<0.0001; ns, not significant. Unpaired t test. (G and H) Total axon length and number of dendritic RAB-3 puncta at different timepoints with or without axotomy. Mean + SEM. ***p<0.001; ****p<0.0001; ns, not significant. Unpaired t test for comparisons between two groups and one-way ANOVA for more than two groups. 
Materials and Methods

